The reactivation mechanism and stability of ancient landslides are the major concerns in the tectonically active zone. A detailed case study has been conducted to examine the reactivation mechanism of ancient landslides in Southwest China by investigating the reactivation process, shear strength and stability. Field investigation suggests that the reactivation of ancient giant slides, such as the Luosiwan slide, is attributed to the cumulative effect of adverse geological, structural condition and intensive artificial processes. However, long-term observation has shown that the ancient giant landslides usually remain stable in the remote area in spite of such adverse conditions. Ring shear tests also indicate high peak shear strength of the sliding zone soils. However, the shear strength decreases significantly once displacement occurs at the toe of giant landslide due to engineering construction. The construction process could be considered as the critical triggering factor for the reactivation of ancient giant landslide, which exerts sudden changes in the forces acting on the slope. Both longterm adverse geological evolution and sudden change in the strength lead to the reactivation of giant landslide. This study also suggests that liquefaction plays an important role in the failure behavior of reactivated ancient landslide. An effective drainage system has to be set up during engineering construction so as to reduce the probability of reactivation of ancient landslides.
Introduction
Ancient giant landslides distributed in the tectonically active regions, such as Southwest China, were often triggered by ancient strong earthquakes. The adverse tectonic conditions and weak rock mass structures are the major factors for their occurrence (Dai et al. 2005; Weidinger 2006; Huang 2009; Futalan et al. 2010; Youssef et al. 2012; Papadopoulou et al. 2013) . Since then, subsequent events, such as crustal movement, erosion and weathering tend to promote downslope movement. Reactivation of ancient giant landslides is more frequently observed especially in the region with intensive human engineering activities. For example, an ancient landslide was identified by field survey near the Luosiwan Hydropower Station on the Chongjiang River, a tributary of the Jinsha River in Yunnan Province, Southwest China. It is one of the numerous ancient landslides in the upper Jinsha River and in the Sanjiang tectonic active zone (Huang 2009; Weidinger 2006; Dai et al. 2005) . It is located near the junction of two branch faults of the Zhongdian active fault zone in Southwest China. Part of the landslide was reactivated due to construction of G214 National Highway crossing its toe, which poses threats to the safety of both G214 National Highway and the Luosiwan Hydropower Station. The reactivation mechanism and stability of such ancient giant landslides are the major concerns in the tectonically active zone.
Generally, seldom can the reactivation of a slide be attributed to a single cause. It is a complex process involving geomorphological, physical and artificial processes (Varnes 1978; Cruden and Varnes 1996; Bathrellos et al. 2012 Bathrellos et al. , 2013 . Nevertheless, reactivated landslides generally move along pre-existing shear planes, where strength parameters approach residual (Skempton 1970) or ultimate (Krahn and Morgenstern 1979) values. The firsttime slides on whose rupture surfaces, resistance to shear may initially approach peak values (Hutchinson 1988) . Some ancient landslides occurred even before Holocene in Southwest China. The properties of rupture surface may have changed significantly since then. The activity of reactivation may also be distinguished from the first-time movement. The changes may reflect the influence of longterm environmental conditions on the stability of ancient slides (Youssef and Maerz 2013) .
A series of field investigations have been conducted since 2009 on the ancient Luosiwan landslide, from a view of the whole slide to the local reactivated movement. The aim of this paper is to examine the reactivation mechanism of the ancient Luosiwan landslide by analyses on its geomorphological process, shear behavior of sliding zone and stability. The research results are helpful to recognize reactivation mechanism of ancient giant slides and their stability, and instructive to landslide hazard control in the tectonically active zone, particularly in Southwest China.
Geological background

Geological conditions
The Luosiwan landslide is a giant ancient landslide identified during field survey near the Luosiwan Hydropower Station on the Chongjiang River, a tributary of the Jinsha River (Fig. 1) . It is located at the right bank of the Chongjiang River. Like many other ancient landslides in this region, it occurred near the junction of two branch faults of the Zhongdian active fault, a most favorable place for development of giant landslides (Martel 2004; Zhang et al. 2007 Zhang et al. , 2011b . It mainly consists of Middle Triassic slate intercalated with limestone and green schist (T 2 a), Upper Permian meta-basalt and volcanic breccia intercalated with green schist (P 2 b). These strata were formed in varying orientations: on the whole, downslope dipping on the back edge and upslope dipping or obliquely dipping on the front edge, with a dip angle in a range of 40-60°. The elevation of the back edge is at about 3500 m and that of the front edge is at 2450 m. The Luosiwan landslide is in a semi-circle planar form. Its volume is roughly estimated to be about 5.8 9 10 8 m 3 .
Characteristics of the reactivated slide
The right bottom of the Luosiwan landslide has been reactivated, which is called a secondary landslide (Figs. 2a, b and 3) . Evidences during field survey show that the movement of secondary landslide tends to accelerate. It is in a narrow long tongue shape and its toe is close to the Chongjiang River. The secondary landslide is 800 m long and 350 m wide, with an estimated volume of 300 9 10 4 m 3 . The elevation of the back edge is at 2780 m and that of the front edge is at 2450-2485 m. It is a deep-seated landslide and the surface of rupture is over 50 m deep.
The sliding mass consists mainly of Upper Permian basalt (basaltic slate) intercalated with schist. Most of them are upslope dipped or obliquely dipped. The overall bedding orientation is 2908\388. The major sliding direction is 355°, nearly perpendicular to the flow direction of the Chongjiang River.
The secondary landslide is bounded by a small gully on the west and by steep steps on the east. The chair-shaped back scarp is 15-35 m high. The middle part of it appears in a stepped form. The overall dip angle of the rupture surface is about 22°. The front edge is a 50-m high steep cut slope. Two sets of joints can be identified in the fractured rock mass at the front edge: One is 1348\498 in orientation and 2-3/m in joint density; another is 438\648. The two sets of joints are conjugated and tend to develop into downslope sliding planes.
Engineering construction activities have been considered as the major factors for landslide reactivation, such as pavement excavation during construction of the Luosiwan Hydropower Station and expansion of G214 National Highway after completion of the dam. Obvious deformation has been developed in the secondary landslide in the past 10 years since the completion of the Luosiwan Hydropower Station. The movement tends to accelerate owing to expansion of G214 National Highway. The embankment and the retaining wall of the front edge have moved 2.5 m towards the Chongjiang River. During the wet season in 2010, four large tensile cracks were developed at the back edge, which were about 0.5 m wide and more than 10 m long. It is shown that the secondary landslide is in creeping state.
Methodology
Shear strength is a key parameter for stability analysis of landslide. The shear strength of soil is commonly described by two measurable components: the internal frictional angle and the intrinsic cohesion. Both parameters can be measured by performing a series of direct shear tests on soil samples under varying confining pressures. The residual strength refers to the minimum shear stress to keep continuous deformation without further increase of shear stress after the specimen reaches the peak strength. The residual shear strength, defined by the post-peak strength behavior of strain-softening materials, is generally assumed to occur during landsliding. According to Skempton (1985) , once the shear surface forms, the soil strength is controlled by its residual strength, whatever the type of the soil is. Such strength can be obtained only when shear displacement is relatively large. In the repeated direct shear test, the horizontal shear displacement is limited and the shear area continuously varies. The continuously varying shear area leads to inconstant and heterogeneous normal stress in soil (Dai et al. 1998 ). The ring shear method, therefore, is adopted to measure the shear strength of sliding zone soil as a large shear displacement is allowed while the shear area and the normal stress can be maintained constant during the test (American Society for Testing and Materials 1964; Sassa et al. 2004; Yang et al. 2001) . To estimate the residual shear strength of the landslide slip surface. Torsional ring and direct shear tests were performed to investigate the shear behaviors of the sliding zone soil in this study.
Distribution of sliding zone
Sliding zone soil of reactivated secondary slide was identified mainly on the front and back edges of the secondary landslide. The sliding zone soil of front edge was observed on the roadside slope 0-60 cm above the pavement. It is generally 30-40 cm thick ( Fig. 2c ) and has well-developed scratches and obviously oriented debris. The back edge slip soil is exposed near the back scarp of the landslide (Fig. 2d ).
Soil samples of sliding zone
Two sets of soil samples, S01 and S09, were collected from the sliding zone (Fig. 2) . S09 was taken from the back scarp of secondary landslide. It is generally gray or gray green and its grain size is relatively coarse due to the dominant tensile behavior at the back scarp area (Fig. 4 ). The grains with size more than 5 mm were removed from the test specimens. The natural water content, natural unit weight and dry unit weight of S01 are 5.85 %, 1.94 g/cm 3 and 1.83 g/cm 3 , respectively. S01 was taken within a 30-40 cm thick sliding zone soil layer at the toe of the secondary landslide. It is generally blue gray, scale-shaped and unctuous with minor debris. Its grain size is relatively fine due to a higher content of clay (Figs. 4 and 5), which is a sign of compression and shear caused by creeping of the landslide. During preparation of test specimens, only a few grains larger than 5 mm were removed. The natural water content, natural unit weight and dry unit weight of S09 are 9.1 %, 2.24 g/cm 3 and 2.07 g/cm 3 , respectively.
Ring shear test
Ring shear tests were performed to test the shear strength of soil at the rupture surface. With the DTA-138 soil engineering ring shear apparatus developed by Seiken. Inc., Japan, the following procedures were followed to prepare three tests for each sliding zone soil sample: (1) air is removed from the specimen by CO 2 ; (2) the specimen is saturated in distilled water for four hours; and (3) the specimen is drained and consolidated by vertical loading. The consolidation undrained (CU) ring shear test was then conducted on each specimen under different normal stresses. An effective normal stresses of 100 kPa or less correspond to shallow landslides or shallow portions of a slip surface (\5 m) (Stark et al. 2005) . In this study, experiments were conducted under a normal stress of 100, 200, and 400 kPa, respectively, corresponding to the deepseated landslide situation. The twist moment, vertical load, and vertical displacement were automatically recorded every minute during the test. For comparison, the repeated direct shear test and the triaxial CU compression test were also carried out on samples with different water contents.
Test results
Shear failure
Shear failure was observed in all the specimens under different normal stresses. On one side of the test specimen S01, a shear band, about 3 mm thick, is formed with obvious local cracks, accompanied by migration and rearrangement of soil grains. The test specimen is separated into two parts along a shear surface. It is worth noting that the specimen after shearing became viscous and difficult to remove from the ring shear apparatus. Some shear planes often show annular trenches with obvious shearing characteristics. Uneven shear bands can also be seen, indicating that soil grains are rearranged with a large displacement along shear surfaces. For example, it is visible that flaky minerals near shear surfaces are rearranged at different levels whose long axes are roughly in line with the shearing direction.
Test specimens (S09) taken from the back edge sliding zone also exhibited obvious shear failure characteristics. Penetrative shear strips can be observed in the middle of the test specimen, while in the contact with the upper pervious part there are tension fissures 1-2 mm wide converged to shear surfaces in the middle part of the test specimen. Similar to S01, it is difficult to remove the test specimen after shearing from the ring shear apparatus. No liquefaction was observed, while water dripping occurs as the specimens were fully saturated. This might be related to the grain size distribution of the back edge sliding zone soil.
Shear strength
The shear strengths obtained by ring shear tests are listed in Table 1 . For comparison, the shear strength obtained by repeated shear tests and triaxial compression tests on the front edge sliding zone soil are listed in Table 2 . Fig. 6a plots the shear stress-displacement curves of the sample S01 under a vertical stress of 100, 200 and 400 kPa, respectively. It can be seen that the shear stress of the specimen increases sharply with the increase of shear displacement at the beginning of the test, and then decreases after the peak stress, indicating strain softening. It is suggested that once the creep rate of the secondary landslide increases or large displacement occurs, the shear strength of soil at the toe will decrease rapidly. Fig. 6b plots the peak strength and residual strength envelopes for the sample S01 obtained by linear regression of shear stress vs. vertical pressure plot. From this figure, the internal friction angle u and the cohesion c can be obtained: u d = 29°and c d = 11.65 kPa for the peak strength, while u r = 22°and c r = 10.67 kPa for the residual strength (Table 1) .
The shear stress-displacement curve of S09 is shown in Fig. 7a . Apparently, the shear stress almost remains unchanged after the peak strength, which is one of the main differences between S01 and S09. The shear stress-displacement curve of S09 under a high vertical stress is more tortuous than that of S01, because the grains of S09 are coarser, compared to S01.
Similarly, for the sample S09, u d = 37.7°and c d = 17.52 kPa for the peak strength, while u r = 34.8°a nd c r = 13.35 kPa for the residual strength ( Fig. 7b and Table 1 ). The high shear strength of back edge sliding zone soil suggested that the grain size distribution has an obvious influence on the shear behavior.
Discussions
Strength along a pre-existing shear surface
The residual strength is strongly related to the type of clay mineral and quantity of clay particles. There are wellestablished correlations between the residual shear strength and liquid limit and clay particle quantity (Voight 1973; Olson 1974; Holtz and Kovacs 1985) . Samples S01 and S09 exhibited different shear strength due to different grain size distributions. Since the soil samples were collected from the sliding zone, very low shear strength was expected, especially no or very low cohesion. However, both high peak and residual shear strength were observed. According to the welldocumented data (Voight 1973; Holtz and Kovacs 1985) , the upper limit of shear strength usually does not exceed 40°with the mean value of about 25°. Both peak and residual strength of the back-scarp soil specimen reach this limit. The high cohesion might be due to a number of factors: the experiment design and the apparatus configuration. The low confining pressure (40 kPa) and shearing rate might play an important role in the high residual cohesion. Usually, with lower confining pressure and shearing rate, larger residual cohesion is obtained. Nevertheless, for giant landslide, the frictional angle usually dominates its movement while the cohesion usually has a smaller impact. It is necessary to justify such high shear strength in the pre-existing rupture surface of ancient landslide. Chlorite and illite of low plasticity are the dominant clay minerals in the slip surface (Fig. 5) . Holtz and Kovacs (1985) suggested an increasing effective friction angle with lowplasticity materials. A healing mechanism of the rupture surface may also help understand its high shear strength. Stark et al. (2005) presented ring shear test results on two soil specimens with a period of 230 days and suggested that a failure surface which has achieved a drained residual strength condition may undergo ''healing'' and exhibit a higher strength than the earlier residual value. Carrubba and Del Fabbro (2008) also suggested that the strength along a pre-existing shear surface may increase with time if the sliding mass stops moving and remains stable. The back-calculated shear strength is often greater than the residual strength determined in laboratory. The range of these values seems appropriate to the observed conditions in the large stable deep-seated landslides. Such healing mechanism is plausible to account for its high peak strength and stable status for a long period. This might be able to explain why lots of ancient landslides are dormant.
Liquefaction of the sliding zone soil
The grain size analysis shows that, although the content of \0.075 mm grains of the front edge sliding zone soil is up to 40-60 %, the clay content is only 15-25.6 %. Especially, the clay minerals consist of only chlorite and illite (Fig. 5) , which are small in specific surface area, poor in hydrophilicity, and low in physical-chemical activity. These features are favorable for liquefaction of sliding zone soil under dynamic condition. For the secondary landslide in Luosiwan, the overlying load on the front edge is small and the sliding zone soil is saturated or semisaturated, which also provides favorable conditions for liquefaction of sliding zone soil. Liquefaction is conducive to sliding. Therefore, this is a potential risk in the secondary landslide under study and measures have to be taken to mitigate the risk, such as man-made drainage. In addition, in the Sanjiang region and the Tibetan plateau of China, metamorphic rock slopes containing chlorite and illite are widely distributed. They are very similar to the landslide under study and pose a common problem which shall be stressed and studied. Perhaps this study might provide some references for similar landslides.
Liquefaction of sand, clean or with some fine content, has been extensively studied. For cohesive soils, Perlea (2000) summarized several categories of cohesive soils potentially liquefiable: clayey silts or silty clays of low plasticity, highly sensitive clays, and collapsible loess. The clay minerals in the sliding zone soil of Luosiwan landslide are non-expandable chlorite and illite. They are characterized by low plasticity, low viscosity, poor hydrophilicity, and low physical-chemical activity, which belong to the first category. This helps to understand the high susceptibility to liquefaction for sliding zone soil under dynamic loading.
In the last decade, the role that sliding zone soil, as well as its liquefaction, plays in the development and occurrence of large landslides have been increasingly stressed (Wang et al. 2002 (Wang et al. , 2007 Hu et al. 2009; Sassa et al. 2004; Zhang et al. 2011a; Rozos et al. 2011 Rozos et al. , 2013 Mohamed et al. 2013 ). More importantly, similarly to that observed by Hu et al. (2009) during ring shear tests on soil of the Yigong long-distance landslide, obvious liquefaction of shear strips are observed in the sample S01. As mentioned above, frequent landslides in the Sanjiang region might be related to such liquefaction to a great extent. The mechanism of liquefaction for such giant landslide needs to be prudently investigated. Two mechanisms exist: (1) sliding displacement triggers excess pore pressure, resulting in liquefaction; (2) The rising pore pressure due to rainfall and water level rising results in liquefaction and then triggers the landslide displacement. Both mechanisms could account for the characteristics of Luosiwan landslide. However, the first mechanism might be more dominant.
Stability analysis of the landslide
Stability analysis is conducted for a particular rupture surface of the reactivated landslide. The shear strength reduction method is a practical approach for determining the factor of safety for slopes (Dawson et al. 1999; Cheng et al. 2007 ). The failure mechanism of reactivated landslide is examined by finite element modeling (FEM) with strength reduction. The strength parameters of the sliding zone soil may vary in a wide range, which results in large variations in factors of safety (El-Ramly et al. 2002) . Generally, the shear strength of sliding zone soil is assumed constant in most numerical simulations on landslide stability. However, field observations and laboratory tests suggest different shear behaviors at different segments of the rupture surface. The stability of the secondary landslide is analyzed by FEM with strength reduction, and different shear strength is applied for different parts of sliding zone.
With shear strength (c and tan u) reduction, the finite element model becomes unstable, and the nodal displacement upon slope failure increases dramatically, compared with that before failure (Dawson et al. 1999) . Meanwhile, the corresponding reduction coefficient is determined to be the safety factor of the slope. The Drucker-Prager criterion is adopted.
According to the geological profile (Fig. 3) , the secondary landslide can be divided into four parts, namely the sliding zone, the slip mass above/under phreatic surface (E/ F) and bed rock G, among which the sliding zone could be further divided into four subparts, namely, the back edge A, the middle-back part B, the middle-front part C and the front edge D. Various parts were represented by seven types of elasto-plastic geological materials in the finite element model (Fig. 8) . The phreatic surface has a large impact on the modeling results. The phreatic surface in the model can be determined by long-term observations in a number of deep wells. Slope stability in wet season and dry season is considered, with the phreatic surface at the bottom of its back part and at the middle of front edge of slip belt (Fig. 3) , respectively. The material parameters, as listed in Table 3 , are based on the ring shear test results or the work by Xu et al. (2006) .
In dry season, the overall stability coefficient of the slope is 1.243, and the plastic shear zones are distributed in the front part (Fig. 9a) , which indicates that the slope is stable. The shear strains for three points located at the front part are large, with the maximum value of 6.04E-3, which might be the potential rupture surfaces of the slope toe. This could be further confirmed by the smaller stability coefficients at these locations (Fig. 9b) .
In wet season, the slope is in a limit equilibrium state with a stability coefficient of 1.075. The maximum plastic shear strain reaches 9.75E-3, distributed along the slip belt and the front part (Fig. 10a) . Meanwhile, the stability coefficient contour indicates that a small landslide would occur beside G214 Highway (Fig. 10b) . In fact, damages were observed in the retaining wall in front of the slope along the Chongjiang River. Compared to the dry season, the area with small stability coefficient expanded from the back part of the sliding mass to the middle part and almost connected with the front part, which indicates that the slope is in a critical state. The area with Fs 1.1-1.3 is so small that landslide could be triggered at any moment in extremely wet season.
Conclusions
The reactivation mechanism and stability of ancient landslides are major concerns in the tectonically active zone. It is, however, a complex process involving various factors. Field investigation suggests that the reactivation of ancient giant slide, such as the Luosiwan slide, attribute to the cumulative effect of adverse geological, structural condition and intensive artificial processes. However, long-term observations have shown that the ancient giant slides under study usually remain stable in spite of the adverse tectonic conditions, weak rock mass structure and seasonal climate variation. The subsequent crustal movement, erosion and weathering could make slope less stable but might difficult initiate sliding.
The shear tests indicate high shear strength of the sliding zone soils. The healing mechanism of sliding zone could account for stability of these deep-seated slides due to the large gravity of displace materials exert on it. Landslides may be triggered due to the sudden changes in the forces applied on the slope during engineering construction and excavation. Such sudden changes in strength are more crucial for the deep-seated slide. It can be the cause of a much larger movement of the slope on a deeper surface of rupture.
Both field observation and shear tests suggest that liquefaction might be a major failure mechanism for the reactivation of ancient landslide. From the FEM results for slope stability, the factor of safety is 1.243 in dry season and 1.075 in wet season. It is relatively stable in dry season, while it is in a limit equilibrium state in wet season. A small landslide occurred beside G214 Highway and the locking section of the slip belt is very short. Therefore, this is a potential risk faced by the secondary landslide under study and must be addressed as soon as possible by such measures as man-made drainage.
